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25 
Summary 26 
1. In spite of the increasing amount of experimental evidence on the importance of plant 27 
species richness for ecosystem functioning at local scales, its role on the generation of 28 
ecosystem services at scales relevant for management is still largely unknown. To foster 29 
research on this topic, we assessed expert knowledge on the role of plant diversity in the 30 
generation of services at the landscape scale. 31 
2. We developed a survey that included three levels of organization and seven 32 
components of plant diversity, four provisioning, six regulating and four cultural 33 
services, as well as three resources and three conditions among key abiotic factors that 34 
are likely to contribute as much as plant diversity to service generation. Eighty experts 35 
in areas of biodiversity, ecosystem functioning and services answered the survey. 36 
3. The experts identified species diversity within a community and diversity of 37 
communities within the landscape as the most important levels of organization for 38 
service generation, both with positive effects. Composition and number of species were 39 
considered to be the most relevant components of plant diversity, the latter with a 40 
positive effect on services. Water availability was identified as the most important 41 
abiotic resource. 42 
4. Our results suggest different approaches to management for sustaining the generation 43 
of services at the landscape scale. Provisioning services were perceived as largely 44 
influenced by abiotic resources and less so (though positively) by plant diversity. 45 
Regulating services were expected to strongly depend on both plant diversity and 46 
abiotic factors. A particularly strong positive effect of plant diversity was expected for 47 
the generation of cultural services. Some variation in answers could be attributed to 48 
expert background. 49 
5. Synthesis and applications. The expert survey allowed for the generation 50 of 50 
detailed information and new hypotheses on the relationship between plant diversity and 51 
services at the landscape scale. Future research is needed to test these hypotheses, yet in 52 
the meantime areas of agreement can be used with caution as synthetic expert 53 
knowledge to guide technological and policy interventions to ensure the maintenance of 54 
biodiversity and ecosystem service delivery. 55 
 56 
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62 
Introduction 63 
The study of biodiversity´s influence on ecosystem functioning has developed over the 64 
past 20 years into an important area of ecological research (Naeem et al. 2009). Results 65 
from this research clearly point to the critical role that biodiversity plays for the 66 
generation of ecosystem services and thus human well-being. To date, qualitative (Diaz 67 
et al. 2006) and quantitative (Balvanera et al. 2006; Worm et al. 2006; Quijas, Schmid 68 
& Balvanera 2010) syntheses derived from experimental manipulation of biodiversity 69 
and ecosystem functioning have shown a consistently positive effect of diversity in the 70 
generation of ecosystem services for a range of organisms, habitats and services. 71 
Yet these syntheses are limited because they mostly refer to the outcomes of 72 
small-scale experiments, are confined to a limited range of ecosystem services, deal 73 
mostly with species richness and not with other components of diversity, do not address 74 
the role played by abiotic factors in such relationships, and potentially generate 75 
equivocal messages as a result of confounding effects directions from a range of 76 
ecosystem service providers and habitats. Experiments manipulating diversity have 77 
largely been developed at local scales (<10 ha; Balvanera et al. 2006) and yet 78 
ecosystems are managed and services delivered at landscape (10–1,000 ha) to regional 79 
scales (>1, 000 ha; Kremen 2005; Duffy 2009). The syntheses are also limited by their 80 
focus on only a few types of ecosystem services, mainly regulating and provisioning 81 
ones (Balvanera et al. 2006; Worm et al. 2006; Quijas, Schmid & Balvanera 2010), 82 
cultural services being poorly described (Worm et al. 2006). 83 
In addition, studies in this area only focus on the species level of organization, and 84 
on richness as the main measure of species diversity (Balvanera et al. 2006), thus 85 
ignoring the relative contributions of other biodiversity attributes, such as level of 86 
organization (e.g. genotype, populations, communities), species evenness, species 87 
composition, and functional diversity (Kremen 2005; Diaz et al. 2007; Luck et al. 88 
2009). Furthermore, the relative importance of abiotic factors with respect to diversity 89 
on ecosystem functioning or services has seldom been analyzed (Diaz et al. 2007). 90 
Finally, a wide variety of organisms that may function as ecosystem service providers 91 
(Luck et al. 2009) have simultaneously been considered in syntheses (Balvanera et al. 92 
2006; Worm et al. 2006), yet, their individual contribution to ecosystem services is 93 
likely to be different (Luck et al. 2009; Quijas, Schmid & Balvanera 2010). 94 
Thus future research on the relationship between biodiversity, functioning and 95 
services should embrace a broader range of spatial scales, biodiversity components, and 96 
ecosystem services; include the relative role of abiotic factors with respect to 97 
biodiversity; and dissect the role of specific ecosystem service providers to be applied 98 
into management decisions. In particular, focusing on terrestrial plants as ecosystem 99 
service provider can be quite useful given their fundamental role in ecosystem 100 
functioning, their direct contribution to the generation of many ecosystem services, and 101 
the not surprising majority of studies that have focused on the relationships between 102 
their diversity and ecosystem functioning (Quijas, Schmid & Balvanera 2010; Cardinale 103 
et al. 2011). 104 
Given the lack of information described above, one approach is to synthesize 105 
present understanding, define key knowledge gaps and stimulate further hypothesis 106 
testing through expert assessments (Schläpfer, Schmid & Seidl 1999). Expert elicitation, 107 
a technique used to synthesize opinions of experts, has been in use for several decades 108 
in disciplines of economics, sociology, political science, social psychology, and public 109 
opinion research (de Vaus 2002), and more recently it is also being incorporated in 110 
studies of ecology and conservation biology (Halpern et al. 2007; Donlan et al. 2010). 111 
Expert judgment is not intended to be a substitute for scientific research, but to define 112 
the current knowledge that may not otherwise be easily accessible, illustrate the current 113 
sense of expert knowledge, reveal areas of greater or lesser agreement and help drive 114 
future applied research (Halpern et al. 2007; Donlan et al. 2010). An initial survey of 115 
expert knowledge aimed at understanding the relationship between biodiversity and its 116 
components on ecosystem processes, and the generation of ecosystem services, was 117 
conducted by Schläpfer, Schmid & Seidl (1999). Yet, in the last decade, biodiversity 118 
and ecosystem functioning research has added realism including other components of 119 
diversity (Symstad 2000; Wilsey and Potvin 2000), increasing the spatial scale of 120 
analysis of processes related to ecosystem services, using more realistic extinction 121 
scenarios (Zavaleta & Hulvey 2004), simultaneously measuring multiple functions 122 
(Hector & Bagchi 2007) and incorporating natural (Fukami & Wardle 2005) and 123 
anthropogenic gradients of disturbance (Zavaleta et al. 2003). A new expert assessment 124 
would allow us to synthesize perceptions and advances relevant for managing both 125 
biodiversity and ecosystem services to ensure their maintenance. 126 
In this paper, we use an expert assessment approach to synthesize current 127 
understanding of how plant diversity relates to the generation of 14 ecosystem services 128 
at the landscape spatial scale. We focus on: i) direction of effect and relative importance 129 
of different levels of organization of plant diversity in the generation of ecosystem 130 
services, ii) direction of effect and relative importance of different components of plant 131 
diversity in the generation of ecosystem services, and iii) importance of plant diversity 132 
relative to the abiotic resources and conditions that can have direct effects on the 133 
generation of ecosystem services. We also assessed potential for biases in results given 134 
by the background of participating experts. 135 
 136 
Materials and methods 137 
Spatial scale 138 
Understanding the spatial scales at which ecosystems are managed and services are 139 
delivered to people will be essential to developing landscape-level conservation and 140 
management plans (Kremen 2005). For that reason, this assessment is focused at the 141 
landscape scale, defined here as areas ranging from 10 to 1,000 ha (0.01 to 10 km2; 142 
24,710 to 2,471,000 acres). We used analogies to help experts visualize theses scales 143 
(e.g. the Principality of Monaco or Niagara Falls has an area of 100 ha, whilst the city 144 
of Beverly Hills has an area of 1,000 ha). 145 
 146 
Components of the survey 147 
A summary of the approach that we used in this survey is shown in Fig. 1. We divided 148 
the survey into five sections. The first and second sections evaluated understanding 149 
about the direction of effect and relative importance of the levels of organization of 150 
plant diversity on service generation. The third and fourth sections evaluated 151 
understanding about the direction of effects and relative importance of components of 152 
plant diversity on service generation. The fifth section evaluated understanding about 153 
the relative importance of resources and conditions. We considered four provisioning 154 
services, six regulating services and four cultural services. We did not include 155 
supporting services, as we considered them to be ecosystem processes that indirectly 156 
benefit societies by supporting one of the other three types of services. We identified 157 
three levels of organization relevant for the generation of services and six components 158 
of plant diversity. We considered three resources and three conditions that are likely to 159 
modify both plant diversity and service generation. A glossary with all definitions can 160 
be found in Appendix S1 in Supporting Information. 161 
 162 
Identification of the relationship between diversity and services 163 
The direction of effect of plant diversity on the generation of ecosystem services was 164 
assessed using five types of relations: i) the more diversity, the more service (+), ii) the 165 
more diversity, the less service (–), iii) there is a diversity effect on the service, but it is 166 
not possible to determine its direction or the direction is unknown (1), iv) no influence 167 
of diversity on the generation of the service (0), v) unknown whether there is an 168 
influence of plant diversity for the generation of the service (?). For example, “higher 169 
genetic diversity provides better pest regulation” and thus the more diversity there is, 170 
the more service (+); or “a higher number of species does not influence soil fertility,” 171 
thus there is no influence of diversity on the generation of service (0). 172 
The relative importance of plant diversity, as well as that of abiotic resources and 173 
conditions, on the generation of services was assessed using four categories: (1) of little 174 
importance, (2) of intermediate importance, (3) very important and (?) of unknown 175 
importance. 176 
 177 
Building the survey 178 
Two drafts of the survey were developed before reaching the final version used here (for 179 
details see Appendix S2). In final version we included background questions for 180 
evaluating potential bias due to expert perspectives on final results; the questions related 181 
to subject of expertise (e.g. population ecology, management), type of work (e.g. basic 182 
research, decision maker), type of organization (e.g. institute, environments NGO`s), 183 
years working with plant diversity and ecosystem processes and/or services they know, 184 
and the focus ecosystems where they work (e.g. tropical rain forest, grassland). 185 
 186 
Expert selection 187 
We defined as experts those individuals who had carried out observational and 188 
experimental research on the links between plant diversity and ecosystem functioning or 189 
ecosystem services at different spatial scales. We used the list of contributors to the 190 
Millennium Ecosystem Assessment contributors (MA 2005) and a list of researchers 191 
working in these areas suggested by the co-authors of this work as a source of 192 
candidates. We identified 408 experts, but we could not find the email addresses of 64 193 
of them. The survey was sent by email to 344 experts between July 2007 and March 194 
2008; reminder emails were sent up to two times. A total of 56 experts responded to the 195 
email, but did not participate in the survey, mainly due to time constraints (17), or due 196 
to self-stated lack of expertise on plant diversity and ecosystem services (38). A total of 197 
80 experts (23%) responded to the survey. Respondents worked in over 27 countries 198 
and 14 types of ecosystems (more details see Appendix S3). 199 
Analysis 200 
We registered the frequencies of the different types of responses and then addressed the 201 
following questions: 202 
i. Do experts tend to recognize a particular type of effect or relative importance of 203 
plant diversity in the generation of ecosystem services when considering all levels 204 
of organization or all components of diversity? 205 
ii. What is the direction of effect and relative importance of the different levels of 206 
organization and components of plant diversity most commonly mentioned by 207 
experts when considering all ecosystem services? 208 
iii. What is the relative importance of abiotic resources and conditions with respect to 209 
plant diversity most frequently mentioned when considering all ecosystem 210 
services? 211 
iv. What is the type of effect and relative importance of the different levels of 212 
organization of plant diversity most frequently recognized by experts for the 213 
generation of each of the ecosystem services? 214 
v. What is the type of effect and relative importance of the different components of 215 
plant diversity most frequently recognized by experts for the generation of each of 216 
the ecosystem services? 217 
vi. What is the relative importance of abiotic resources and conditions with respect to 218 
plant diversity most frequently recognized for the generation of each of the 219 
ecosystem services? 220 
vii. How does the background of experts explain the differences in how frequently they 221 
chose different types of effects and what relative importance they assigned to plant 222 
diversity and abiotic resources and conditions for the generation of services? 223 
 224 
To test for differences in answer probabilities we assumed as a null model that all 225 
answers to a question would be equally likely. Thus, the five possible answers (–, 1, +, 226 
0, ?) about the direction and significance of biodiversity effects or the four possible 227 
answers (1,2,3,?) about the relative importance of plant diversity and abiotic resources 228 
and conditions on the generation of services were all considered equally likely. While 229 
this may not always have been the best null model, we had no other information to 230 
develop more specific null models. Significant deviation from the expected equal 231 
answer probabilities were detected with generalized linear and chi-square tests (Sokal & 232 
Rohlf 1995) (for details see Appendix S4). We used Bonferroni corrections to account 233 
for the large numbers of test performed (360 hypotheses tested; critical P<0.00014 for 234 
individual tests, corresponding to an overall significance level of P<0.05). 	Although 235 
sequential Bonferroni adjustment can increase the probability of rejecting a null 236 
hypothesis when it would be inappropriate to do so (Moran 2003), in our case it did not 237 
greatly reduce the number of significanses and help to clarify inconsistencies between 238 
answers for each individual question. We further used adjusted residuals (residuals 239 
divided by their variance) as an a-posteriori test for identifying particular frequencies 240 
responsible for the significant chi-square values, and to explore whether particular 241 
answer frequencies were larger (or smaller) than expected from the null model (Everitt 242 
1992).  243 
We assessed biases caused by different backgrounds of experts on frequencies of 244 
responses about the links between plant diversity and ecosystem services. We used 2 245 
tests to test for independence of answers with respect to expert characteristics (e.g. five 246 
types of relations vs. type of ecosystem). We used a Bonferroni correction on the critical 247 
P values as a-priori test for the numbers of test performed (25 hypotheses tested; critical 248 
P<0.002). Adjusted residuals were also used to identify particular frequencies that 249 
differed from the null model (calculated using the same Bonferroni correction). 250 
 251 
Results 252 
We found that most experts recognized a positive effect of plant diversity on the 253 
generation of ecosystem services when all levels of organization (Fig. 2a) and all 254 
components of diversity (Fig. 2b) were pooled together. However, there was no 255 
consensus on the relative importance of plant diversity in the generation of services. We 256 
found large discrepancies between experts, with opinions for importance varying 257 
between little and very important often considered for levels of organization (2 = 8.1, 258 
P=0.01, df = 2), most components of plant diversity were most frequently considered to 259 
be of little importance (2 = 22.8, P<0.0001, df = 2). 260 
 261 
Direction of effects and relative importance of levels of organization of plant diversity 262 
Genetic diversity within species, species diversity within a community, and the diversity 263 
of the communities in the landscape were consistently identified as having a positive 264 
effect on ecosystem service generation (genetic 2 = 601.4, P<0.05, df = 4; species 2 = 265 
1980.1, P<0.05, df = 4; community 2 = 1609.7, P<0.05, df = 4; Table 1). However, the 266 
relative importance changed between levels of organization, because plant diversity at 267 
the species (2 = 594.6, P<0.05, df = 3) and communities in the landscape (2 = 474.4, 268 
P<0.05, df = 3) were most often considered as very important, while diversity at the 269 
genetic (2 = 1110.57, P<0.05, df = 3) level of organization was most frequently 270 
recognized as of little importance. 271 
 272 
Direction of effects and relative importance of components of plant diversity 273 
Direction of effect of components of plant diversity on service generation was 274 
considered positive and the relative importance differed between components (Table 1). 275 
Clear positive effects were attributed to number of species (2 = 1575.7, P<0.05, df = 276 
4), species evenness (2 = 395, P<0.05, df = 4), functional diversity (2 = 661, P<0.05, 277 
df = 4), spatial turnover (2 = 411.5, P<0.05, df = 4) and structural diversity (2 = 278 
1044.8, P<0.05, df = 4). While number of species was consistently considered as very 279 
important (2 = 272, P<0.05, df = 3), plant species composition and structural diversity 280 
were thought to be of intermediate importance to very important (composition 2 = 531, 281 
P<0.05, df = 3; structural 2 = 227.7, P<0.05, df = 3). Other components of plant 282 
diversity including species evenness, functional diversity and spatial turnover were 283 
rated as less important for the generation of services. 284 
 285 
Importance of plant diversity relative to abiotic resources and conditions 286 
Plant diversity together with water availability were most frequently considered by 287 
experts as the most important factors for the generation of ecosystem services (plant 288 
diversity 2 = 79.7, P<0.05, df = 3; water 2 = 37.1, P<0.05, df = 3; Table 2). 289 
Disturbance intensity was identified to be of only intermediate importance; soil type and 290 
position on the landscape were rated of intermediate to little importance. Energy and 291 
nutrient availability were recorded as the least important for the generation of services. 292 
 293 
Direction of effect and relative importance of levels of organization of plant diversity on 294 
the generation of different types of ecosystem services 295 
Species diversity within a community was consistently regarded by experts as the most 296 
important level of organization with positive effects for the case of provisioning 297 
services (Table 3). Genetic diversity was recognized as the least important for these 298 
services, with either positive effects or non-effects most commonly reported. 299 
Species diversity within a community and the diversity of the communities in the 300 
landscape were most often considered of intermediate importance to very important for 301 
the generation of regulating services; in contrast, genetic diversity was considered the 302 
least important. Positive effects of species diversity and diversity of the communities 303 
were indicated for all regulating services. Direction of effect of genetic diversity on the 304 
generation of regulating services was most often considered to be either positive or no-305 
existent (Table 3). 306 
Plant diversity at the species and community levels was consistently considered 307 
by experts as of intermediate importance to very important for the generation of cultural 308 
services, and positive effects were the most frequent in both cases. Genetic diversity 309 
was recognized as the least important for cultural services, with no-effect most 310 
commonly reported (Table 3). 311 
 312 
Direction of effect and relative importance of components of plant diversity on the 313 
generation of different types of ecosystem services 314 
Species composition, i.e. specific combination of the species or presence/absence of 315 
particular species within a plant community, was the only diversity component that was 316 
most frequently identified by experts as very important for the case of provisioning 317 
services (Table 4); most of the other components of plant diversity were expected to 318 
have positive effects of little importance on provisioning services. 319 
For regulating services, species composition and number of species were 320 
considered to be the most important components of plant diversity; positive effects were 321 
reported for the generation of soil fertility, regulation of plant pests and invasion 322 
resistance (Table 4). The functional diversity was considered important with for the 323 
regulation of the response of the ecosystem to extreme events. Positive effects of 324 
functional diversity and structural diversity were identified for water related services 325 
and for climate regulation and air quality. 326 
Species composition was most often considered as the most important component 327 
of plant diversity for the generation of various cultural services. Structural diversity was 328 
identified as important for scenic beauty and number of species for traditional use. Most 329 
of the components of plant diversity were expected to have positive effects on the 330 
generation of all cultural services, except functional diversity that was considered to 331 
have no effects on these services (Table 4). 332 
 333 
Relative importance of abiotic resources and conditions on the generation of different 334 
types of ecosystem services 335 
The relative importance of abiotic resources and conditions differed markedly among 336 
types of services (Table 5). Water, energy and nutrient availability were considered 337 
most important for most provisioning services. Plant diversity was most important for 338 
three regulating services, water availability for one, while nutrient availability, soil type 339 
position within the landscape for one and disturbance intensity for two. In the case of 340 
cultural services, only water availability was identified as important for the generation 341 
of recreation and tourism services; in all other cases only plant diversity was considered 342 
important. 343 
 344 
Biases given by expert background on assessment of plant diversity and ecosystem 345 
service generation 346 
Some biases associated with background of expert were found on the frequencies for 347 
direction of effects and relative importance of plant diversity on service generation. 348 
When pooling together all levels of organization of plant diversity we found an effect of 349 
type of organization (2 = 54.6, P<0.05, df= 12) and of focus ecosystem where 350 
scientists worked (2 = 205.5, P<0.05, df= 52): experts working for NGO`s indicated 351 
that plant diversity had no effects on ecosystem services more frequently than expected 352 
from a null model, while those working in agroecosystems more frequently chose an 353 
unknown influence. Relative importance of plant biodiversity on ecosystem service 354 
provision was influenced by the focus ecosystem (2 = 104.5, P<0.05, df= 39); experts 355 
working in agroecosystems and successional forest chose more frequently an unknown 356 
relative importance of plant diversity. When, pooling together all components of plant 357 
diversity, we found that subject of expertise (2 = 347, P<0.05, df= 24), type of 358 
organization (2 = 203.3, P<0.05, df= 12), years of experience (2 = 87.8, P<0.05, df= 359 
12) and focus ecosystem (2 = 516.6, P<0.05, df= 52) influenced expert assessments: 360 
plant and community ecologist reported more frequently identified a positive 361 
relationship between plant diversity and service generation, while managers, individuals 362 
working for NGOs and governmental agencies, experts with less experience (<10 years) 363 
and those focusing on agroecosystems and successional forests tended to report more 364 
no-effects and unknown relationships. Answers on relative importance of plant diversity 365 
were biased by subject of expertise (2 = 120.3, P<0.05, df= 18) and focus ecosystem 366 
(2 = 103.8, P<0.05, df= 39), reflect that frequency of unknown importance of plant 367 
diversity on services generation were higher than expected for those studying 368 
population ecology and agroecosystems; respondents working in agroecosystems more 369 
frequently reported unknown importance of plant diversity relative to abiotic resources 370 
and conditions on service generation (2 = 72.2, P<0.05, df= 39). For more details see 371 
Appendix S5. 372 
 373 
Discussion 374 
Synthesis knowledge gained at landscape scales 375 
Our work synthesized perceptions of experts on the relationships between plant 376 
diversity and ecosystem services at the landscape scale. The assessment showed that 377 
when all the services were pooled together a positive effect of plant diversity on service 378 
provision was consistently found. The generality of this positive effect is consistent with 379 
previous publications on the contribution of diversity to a stable supply of ecosystem 380 
services as spatial and temporal variability increases, which typically occurs over larger 381 
areas, such as the ones addressed here (Loreau, Mouquet & Gonzalez 2003; Diaz et al. 382 
2006). 383 
Yet there was no consensus on the relative importance of plant diversity on 384 
service provision. The relative importance given to diversity changed among services. 385 
This lack of consensus may derive from different underlying mechanisms, the effect of 386 
context or just the scarcity of information in this topic.  387 
Consistent with previous qualitative reviews (Kremen 2005; Diaz et al. 2006), 388 
experts consistently identified diversity of species within a community and diversity of 389 
communities within a landscape as the most important levels of organization for service 390 
generation. In both cases a positive relationship was suggested. Composition and 391 
number of species were considered to be the most relevant components of plant 392 
diversity. Yet, experts interviewed saw little importance for the role played by genetic 393 
diversity in the provision of services, despite the growing evidence of its role in 394 
generating useful plant products such as food, fodder and fiber (Jackson, Pascual & 395 
Hodgkin 2007), regulation of plant pests (Schweitzer et al. 2005) and resistance to plant 396 
invasion (Barberi et al. 2010) at the landscape scale. Our results reflected consistency 397 
only for what appear to be the more widely known levels of organization and 398 
components of plant diversity among ecologists (Hooper et al. 2005). 399 
 400 
Patterns of plant diversity effects on types of ecosystem services 401 
Positive relationships between plant diversity and generation of provisioning services at 402 
the landscape scale were consistently indicated, thus suggesting that experts expected 403 
clear local synergy between the maintenance of wildland biodiversity and obtaining 404 
provisioning services to satisfy human needs. Yet, the role played by species evenness 405 
and functional diversity as components of plant diversity for generating provisioning 406 
services (e.g. food, fodder, fiber and biofuel intensive production) was not recognized, 407 
despite accumulating scientific evidence that indicates that agrobiodiversity is 408 
extremely important for indigenous, small-scale farms that provide much of the world’s 409 
food supply (Perfecto & Vandermeer 2010). In addition, growing recognition in 410 
literature exists for the importance of functional diversity on regulating (e.g. 411 
maintenance of soil fertility, landslide and avalanche risk) and cultural services (e.g. 412 
cultural heritage, land stewardship) at the landscape scale (Diaz et al. 2007; Lavorel et 413 
al. 2011). 414 
In the case of regulating services, there are two groups of these services: one for 415 
which consistently positive effects of plant diversity were recognized and those with no 416 
consistency. The first group corresponds to services that have been widely studied at 417 
local scale and somewhat at landscape scale (e.g. soil fertility, plant pest, resistance to 418 
plant invasion; Landis et al. 2005; Vacher et al. 2008). For the other group, experts 419 
showed no consistency both regarding the direction of effects of diversity components 420 
as well as their relative importance for these services (e.g. water amount, quality and 421 
temporal variability), even though there is a wide literature exploring links between 422 
plant diversity and regulating services, or at least the processes that underpin them 423 
(Appendix S6). This suggests either a lack of understanding of the ecological processes 424 
associated to service generation, a lack of clear patterns emerging from such literature, 425 
or a lack of awareness of a larger set of biophysical literature outside the field of 426 
ecology. 427 
Finally, a positive effect of plant diversity on the generation of cultural services 428 
was consistently recognized by experts. This is surprising given ecologists’ limited 429 
understanding of these services (Chan et al.2011); yet, the consensus may reflect the 430 
well-known connections between cultural diversity and biodiversity that is widely 431 
known in the fields of economic botany, indigenous use of native plants, and 432 
anthropology.  433 
 434 
Relative importance of abiotic resources and conditions on service generation 435 
The relative importance of abiotic resources and conditions with respect to plant 436 
diversity on service provision at the landscape scale varied greatly among types of 437 
services. Provisioning services were perceived to be largely influenced by abiotic 438 
resources and little (though positively) by plant diversity; regulating services were 439 
thought to depend on both plant diversity and abiotic resources and conditions; abiotic 440 
factors were not considered relevant for cultural services. These results differ from 441 
previous syntheses (Loreau et al. 2001; Hooper et al. 2005; Balvanera et al. 2006) and 442 
may indicate that experts assumed greater influence of abiotic factors among than 443 
within sites, thus increasing their relative importance at the larger landscape scale 444 
(Loreau, Mouquet & Gonzalez 2003). Further research is needed to fully understand 445 
how abiotic resources and conditions are related to biodiversity and service provision as 446 
spatial and temporal scale increase. 447 
 448 
Limitations of assessment: representativeness and biases of experts and data analyses 449 
The assessment was aimed at identifying people who have carried out research on plant 450 
diversity and ecosystem services, and is thus not based on a random sample of people. 451 
The percentage of experts that responded to the survey (23%) is similar to that reported 452 
by other expert opinion studies on biodiversity (Schläpfer, Schmid & Seidl 1999; 453 
Halpern et al. 2007). The majority of experts worked in community and ecosystem 454 
ecology at research institutes, and had more than 10 years of experience with plant 455 
diversity or ecosystem processes/services when they answered the survey. Analyzing 456 
the characteristics that described the experts in this study (see Appendix S3) showed 457 
that they have thought deeply about the subject and were thus likely to provide 458 
authoritative estimates on plant diversity and ecosystem services. Furthermore, their 459 
understanding of the topic very likely included experience beyond their particular 460 
research publications. 461 
Some biases emerged from expert background. As explained above, experts 462 
working in management, in NGOs or governmental agencies, those focusing on 463 
transformed ecosystem (e.g. cropland, pasture, exotic pine and eucalyptus plantations, 464 
irrigated rice fields, secondary tropical wet forest, savanna transition) and those with 465 
less experience (<10years) tended to more frequently report no influence of plant 466 
diversity on service generation (nature of effects and relative importance). This suggests 467 
that experts dealing with real-world conditions are either more skeptical of emerging 468 
research findings derived from the experimental literature, are less aware of them, or 469 
that information relevant to their needs is lacking; for instance, a rigorous meta-analysis 470 
of the direction of effect of diversity in agricultural environments has only been 471 
published recently (Letourneau et al. 2011). 472 
The future will usher in new questions on biodiversity and ecosystem services and 473 
allow access to new empirical data or additional expert opinion. Given the broad reach 474 
of the internet, web-based expert opinion surveys are a strategic way to aggregate 475 
information that can help set priorities for conservation and management action plans 476 
and related research (Donlan et al. 2010). Priority setting for maintenance of 477 
biodiversity and management of ecosystem services at the landscape scale cannot wait 478 
for exhaustive empirical research. Instead, survey instruments can be easily replicable 479 
and quickly updated to include new sources of information, control for expert bias and 480 
refine the results from direction of effect and relative importance of plant diversity on 481 
services generation. 482 
The statistical methods used here were very useful to address the questions posed. 483 
The Bonferroni adjustments may have increased the probability of not rejecting some 484 
null hypothesis when it would been appropriate to do so (Moran 2003). Yet, changes in 485 
the observed patterns with this correction were only found for the most complex 486 
assessments of the effects on individual ecosystem services (Tables 4 and 5) and helped 487 
us to more clearly identify the major inconsistencies among experts (Appendix S..?. The 488 
use of generalized mixed effect models with individual experts as random factor and 489 
expert background categories as fixed contrasts within this random factor would have 490 
been an alternative analysis possibility (de Vaus 2002). Due to the complexity of the 491 
design we used the described chi-square tests without random factors instead. 492 
 493 
 494 
Future research: questions main and management implications 495 
The results of our expert knowledge assessment can be translated into different 496 
hypotheses on the relationships between plant diversity and services generation that 497 
could further be tested. Future research should focus more on the relative importance of 498 
plant diversity on services, rather than the direction of its effects that are better known. 499 
Plant genetic diversity effects seem to differ between ecosystem services types. Also, 500 
the relative role of plant diversity on service provision may change across types of 501 
ecosystems. The role of components of plant diversity such as functional diversity may 502 
change across different types of regulating and cultural services. Finally, exploring the 503 
relative role of plant diversity with respect to that of abiotic resources and conditions for 504 
different types of ecosystem services is particularly relevant for management. This set 505 
of hypotheses should help to identify unexamined research questions that would lead to 506 
a novel approach to observational and experimental studies for the foundation of 507 
rigorous and science-based evidence for the management, conservation and sustainable 508 
use of biodiversity and ecosystem services at the landscape scale. 509 
Our approach and results can be used in a number of ways to inform and aid 510 
management decisions. This expert assessment can identify themes of agreement that 511 
may be used with caution as a synthesis of expert knowledge to guide technological and 512 
policy interventions. It also highlights themes for which closer communication between 513 
scientists and managers is needed.  514 
 515 
Conclusions 516 
Our survey revealed which attributes of plant diversity in the eyes of our experts are 517 
most likely to have effects on the generation of services at landscape scales. Expert 518 
assessment identified diversity of species within a community and diversity of 519 
communities within a landscape as the most important levels of organization for service 520 
generation with positive effects; the same can be said for composition and number of 521 
species among the components of plant diversity. Water availability was perceived to be 522 
the most important abiotic resource for service generation at the landscape scale; but 523 
this was not the case for all services. Provisioning services were thought to be largely 524 
influenced by abiotic resources and little (though positively) by plant diversity. 525 
Sustaining the generation of regulating services was expected to depend on both plant 526 
diversity and abiotic resources and conditions. A very important positive effect was 527 
attributed to plant diversity for the generation of cultural services. Most experts do 528 
know and seem to trust the results of observational and experimental research that plant 529 
diversity increases ecosystem functions; this pattern was true even when those doing 530 
more real-world work that were among the most skeptical about the existence of such 531 
links. Key areas of future research to guide ecosystem management include the role of 532 
plant genetic diversity and that of abiotic factors on landscape scales. Overall, the 533 
experts interviewed agree that at the landscape scale the importance of maintaining 534 
plant diversity is crucial if the management goal is to ensure and sustain provision of 535 
ecosystem services for human well-being. 536 
 537 
Acknowledgements 538 
The authors thank all the experts that answered the survey. M. Martínez-Ramos, V. 539 
Jaramillo, F. Espinosa, R. Linding, L. Barraza, M. Quesada, J. Benítez, E. del Val, H. 540 
Paz, D. Pérez, N.M. Montaño and L. Romero provided suggestions to earlier drafts of 541 
the survey. We thank Alberto Valencia, Heberto Ferreira and Atzimba López for 542 
technical support. We would also like to thank three anonymous referees who greatly 543 
helped to improve this manuscript. This paper constitutes a partial fulfillment of the 544 
Graduate Program in Biological Sciences of the National Autonomous University of 545 
México (UNAM). S.Q. acknowledges the scholarship and financial support provided by 546 
the National Council of Science and Technology (CONACyT), and UNAM. Research 547 
was funded by grant SEP-CONACYT-2005-50955 to P.B; P.B acknowledges sabbatical 548 
support from PASPA-UNAM and the Department of Biology, Stanford University. 549 
 550 
References 551 
Balvanera, P., Pfisterer, A. B., Buchmann, N., He, J. S., Nakashizuka, T., Raffaelli, D. 552 
& Schmid, B. (2006) Quantifying the evidence for biodiversity effects on 553 
ecosystem functioning and services. Ecology Letters, 9, 1146-1156. 554 
Barberi, P., Burgio, G., Dinelli, G., Moonen, A. C., Otto, S., Vazzana, C. & Zanin, G. 555 
(2010) Functional biodiversity in the agricultural landscape: relationships 556 
between weeds and arthropod fauna. Weed Research, 50, 388-401. 557 
Cardinale, B. J., Matulich, K. L., Hooper, D. U., Byrnes, J. E., Duffy, E., Gamfeldt, L., 558 
Balvanera, P., O'Connor, M. I. & Gonzalez, A. (2011) The functional role of 559 
producer diversity in ecosystems. American Journal of Botany, 98, 572-592. 560 
Chan, K. M. A., Goldstein, J., Satterfield, T., Hannahs, N., Kikiloi, K., Naidoo, R., 561 
Vadeboncoeur, N. & Woodside, U. (2011) Cultural services and non-use values. 562 
Natural Capital. Theory and practice of mapping ecosystem services (eds P. 563 
Kareiva, H. Tallis, T. Ricketts, G. C. Daily & S. Polasky), pp. 206-228. Oxford 564 
University Press, Oxford. 565 
De Vaus, D. (2002) Survey in social research, 5th Edition edn. St. Leonards, NSW: 566 
Allen & Unwin, Australia. 567 
Diaz, S., Fargione, J., Chapin, F. S. & Tilman, D. (2006) Biodiversity loss threatens 568 
human well-being. PLoS Biology, 4, 1300-1305. 569 
Diaz, S., Lavorel, S., de Bello, F., Quetier, F., Grigulis, K. & Robson, M. (2007) 570 
Incorporating plant functional diversity effects in ecosystem service assessments. 571 
Proceedings of the National Academy of Sciences of the United States of America, 572 
104, 20684-20689. 573 
Donlan, C. J., Wingfield, D. K., Crowder, L. B. & Wilcox, C. (2010) Using Expert 574 
Opinion Surveys to Rank Threats to Endangered Species: A Case Study with Sea 575 
Turtles. Conservation Biology, 24, 1586-1595. 576 
Duffy, J. E. (2009) Why biodiversity is important to the functioning of real-world 577 
ecosystems. Frontiers in Ecology and the Environment, 7, 437-444. 578 
Everitt, B. S. (1992) The analysis of contingency tables. Chapman and Hall, London, 579 
UK. 580 
Fukami, T. & Wardle, D. A. (2005) Long-term ecological dynamics: reciprocal insights 581 
from natural and anthropogenic gradients. Proceedings of the Royal Society B-582 
Biological Sciences, 272, 2105-2115. 583 
Halpern, B. S., Selkoe, K. A., Micheli, F. & Kappel, C. V. (2007) Evaluating and 584 
ranking the vulnerability of global marine ecosystems to anthropogenic threats. 585 
Conservation Biology, 21, 1301-1315. 586 
Hector, A. & Bagchi, R. (2007) Biodiversity and ecosystem multifunctionality. Nature, 587 
448, 188-U186. 588 
Hooper, D. U., Chapin, F. S., Ewell, J. J., Hector, A., Inchausti, P., Lavorel, S., Lawton, 589 
J. H., Lodge, D. M., Loreau, M., Naeem, S., Schmid, B., Setala, H., Symstad, A. 590 
J., Vandermeer, J. & Wardle, D. A. (2005) Effects of biodiversity on ecosystem 591 
functioning: a consensu of current knowledge. Ecological Monographs, 75, 3-35. 592 
Jackson, L. E., Pascual, U. & Hodgkin, T. (2007) Utilizing and conserving 593 
agrobiodiversity in agricultural landscapes. Agriculture Ecosystems & 594 
Environment, 121, 196-210. 595 
Kremen, C. (2005) Managing ecosystem services: what do we need to know about their 596 
ecology? Ecology Letters, 8, 468-479. 597 
Landis, D. A., Menalled, F. D., Costamagna, A. C. & Wilkinson, T. K. (2005) 598 
Manipulating plant resources to enhance beneficial arthropods in agricultural 599 
landscapes. Weed Science, 53, 902-908. 600 
Lavorel, S., Grigulis, K., Lamarque, P., Colace, M. P., Garden, D., Girel, J., Pellet, G. & 601 
Douzet, R. (2011) Using plant functional traits to understand the landscape 602 
distribution of multiple ecosystem services. Journal of Ecology, 99, 135-147. 603 
Letourneau, D. K., Armbrecht, I., Rivera, B. S., Lerma, J. M., Carmona, E. J., Daza, M. 604 
C., Escobar, S., Galindo, V., Gutierrez, C., Lopez, S. D., Mejia, J. L., Rangel, A. 605 
M. A., Rangel, J. H., Rivera, L., Saavedra, C. A., Torres, A. M. & Trujillo, A. R. 606 
(2011) Does plant diversity benefit agroecosystems? A synthetic review. 607 
Ecological Applications, 21, 9-21. 608 
Loreau, M., Mouquet, N. & Gonzalez, A. (2003) Biodiversity as spatial insurance in 609 
heterogeneous landscapes. Proceedings of the National Academy of Sciences of 610 
the United States of America, 100, 12765-12770. 611 
Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P., Hector, A., Hooper, D. 612 
U., Huston, M. A., Raffaelli, D., Schmid, B., Tilman, D. & Wardle, D. A. (2001) 613 
Biodiversity and Ecosystem Functioning: Current Knowledge and Future 614 
Challenges. Science, 294, 804-808. 615 
Luck, G. W., Harrington, R., Harrison, P. A., Kremen, C., Berry, P. M., Bugter, R., 616 
Dawson, T. P., de Bello, F., Diaz, S., Feld, C. K., Haslett, J. R., Hering, D., 617 
Kontogianni, A., Lavorel, S., Rounsevell, M., Samways, M. J., Sandin, L., Settele, 618 
J., Sykes, M. T., van den Hove, S., Vandewalle, M. & Zobel, M. (2009) 619 
Quantifying the Contribution of Organisms to the Provision of Ecosystem 620 
Services. BioScience, 59, 223-235. 621 
MA (2005) Ecosystems and Human Well-being: Curent State and Trends. Island Press, 622 
Washington, D,C. 623 
Moran, M. D. (2003) Arguments for rejecting the sequential Bonferroni in ecological 624 
studies. Oikos, 100, 403-405. 625 
Naeem, S., Bunker, D. E., Hector, A., Loreau, M. & Perrings, C. (2009) Biodiversity, 626 
ecosystem functioning, & human wellbeing: an ecological and economic 627 
perspective. Oxford University Press, Oxford. 628 
Perfecto, I. & Vandermeer, J. (2010) The agroecological matrix as alternative to the 629 
land-sparing/agriculture intensification model. Proceedings of the National 630 
Academy of Sciences of the United States of America, 107, 5786-5791. 631 
Quijas, S., Schmid, B. & Balvanera, P. (2010) Plant diversity enhances provision of 632 
ecosystem services: A new synthesis. Basic and Applied Ecology, 11, 582-593. 633 
Schläpfer, F., Schmid, B. & Seidl, I. (1999) Expert estimates about effects of 634 
biodiversity on ecosystem processes and services. Oikos, 84, 346-352. 635 
Schweitzer, J. A., Bailey, J. K., Hart, S. C., Wimp, G. M., Chapman, S. K. & Whitham, 636 
T. G. (2005) The interaction of plant genotype and herbivory decelerate leaf litter 637 
decomposition and alter nutrient dynamics. Oikos, 110, 133-145. 638 
Sokal, R. R. & Rohlf, F. J. (1995) Biometry, 3era. edition edn. W.H. Freeman and 639 
Company, New York. 640 
Vacher, C., Vile, D., Helion, E., Piou, D. & Desprez-Loustau, M. L. (2008) Distribution 641 
of parasitic fungal species richness: influence of climate versus host species 642 
diversity. Diversity and Distributions, 14, 786-798. 643 
Wilsey, B. J. & Potvin, C. (2000) Biodiversity and ecosystem functioning: Importance 644 
of species evenness in an old field. Ecology, 81, 887-892. 645 
Worm, B., Barbier, E. B., Beaumont, N., Duffy, J. E., Folke, C., Halpern, B. S., 646 
Jackson, J. B. C., Lotze, H. K., Micheli, F., Palumbi, S. R., Sala, E., Selkoe, K. 647 
A., Stachowicz, J. J. & Watson, R. (2006) Impacts of biodiversity loss on ocean 648 
ecosystem services. Science, 314, 787-790. 649 
Zavaleta, E. S. & Hulvey, K. B. (2004) Realistic species losses disproportionately 650 
reduce grassland resistance to biological invaders. Science, 306, 1175-1177. 651 
Zavaleta, E. S., Shaw, M. R., Chiariello, N. R., Mooney, H. A. & Field, C. B. (2003) 652 
Additive effects of simulated climate changes, elevated CO2, and nitrogen 653 
deposition on grassland diversity. Proceedings of the National Academy of 654 
Sciences of the United States of America, 100, 7650-7654. 655 
 656 
Supporting Information 657 
Additional Supporting Information may be found in the online version of this article 658 
Appendix S1. Glossary of terms used in this survey. 659 
Appendix S2. Phases of building the survey assessment. 660 
Appendix S3. Background experts that answered the survey on the relationship 661 
between plant diversity and ecosystem services. 662 
Appendix S4. Direction of effect and relative importance of levels of organization, 663 
components of plant diversity, abiotic resources and conditions. 664 
Appendix S5. Biases associated with background experts that were found on the 665 
frequencies for direction of effects and relative importance of plant diversity on service 666 
generation. 667 
Appendix S6. Publications found in a search of the ISI Web of Knowledge about 668 
relationship between plant diversity and ecosystem services. 669 
Table 1. Expert assessment of direction of effect and relative importance of levels of organization and components of plant 670 
diversity on the generation of ecosystem services. Cells with a square indicate levels of organization and components that were 671 
significantly more frequently mentioned than would be expected from a null model of equal frequencies of all answers, both for 672 
effects and relative importance; P<0.00014 (); cells with no square indicate no significantly different frequencies from those 673 
expected from the null model. (--) is used to show that the direction of species composition effect on the generation of services 674 
could not be assessed (see text for details). 675 
Attributes of plant diversity Effects Relative importance– 1 + 0 ? 1 2 3 ?
Levels of 
organization 
Genetic diversity within species   
Species diversity within a community   
Diversity of communities within in the landscape  
Components 
Number of species  
Species evenness  
Species composition -- -- -- -- --  
Functional diversity  
Spatial turnover  
Structural diversity   
 676 
Symbols and numbers: Effects: –) the more diversity the less service; 1) there is a diversity effect on the service, but it is not 677 
possible to determine its direction or the direction is unknown; +) the more diversity the more service; 0) no influence of 678 
diversity on the generation of the services; ?) unknown whether there is an influence of plant diversity for the generation of 679 
services. Relative importance: 1) little importance; 2) intermediate importance; 3) very important; ?) unknown importance.680 
Table 2. Expert assessment on the relative importance of plant diversity with respect to that of resources and conditions for the 681 
generation of ecosystem services. Presentation of cells as Table 1; p<0.00014 (). 682 
  Relative importance 1 2 3 ?
 Plant diversity 
Resources 
Water availability 
Energy availability 
Nutrient availability 
Conditions 
Soil type  
Position within the landscape  
Disturbance intensity 
 683 
Symbols and numbers: presentation as in Table 1. 684 
  685 
Table 3. Expert assessment of direction of effect and relative importance of levels of organization of plant diversity on the generation of ecosystem 686 
services. Presentation of cells as Table 1; p<0.00014 (). 687 
T 
y 
p 
e 
Services 
Direction of effect 
 
Relative importance 
 
Genetic 
 
Species 
 
Community 
 
Genetic 
 
Species 
 
Community 
 
– 1 + 0 ? – 1 + 0 ? – 1 + 0 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 
P
r
o
v
i
s
i
o
n
i
n
g
 
Food, fodder, fiber and biofuel 
intensive production 
                           
Timber production                            
Firewood production                            
Diverse products                            
R
e
g
u
l
a
t
i
n
g
 
Soil fertility                            
Plant pests                            
Resistance to plant invasion                            
Response of the ecosystem to 
extreme events 
                           
Water availability                            
Climate regulation and air quality                            
C
u
l
t
u
r
a
l
 
Scenic beauty                            
Source of inspiration                            
Recreation and tourism                            
Traditional use                            
 688 
Symbols and numbers: presentation as in Table 1.689 
Table 4. Expert assessment of direction of effects and relative importance of components of plant diversity on the generation of ecosystem services. 690 
Presentation of cells as Table 1; p<0.00014 (). 691 
T
y 
p 
e Services 
Direction of effects Relative importance 
Number of 
species 
Species 
evenness 
Functional 
diversity 
Spatial 
turnover 
Structural 
diversity 
Number 
of 
species 
Species 
evenness 
Species 
composit
ion 
Functio
nal 
diversit
y 
Spatial 
turnover 
Structur
al 
diversit
y 
– 1 + 0 ? – 1 + 0 ? – 1 + 0 ? – 1 + 0 ? – 1 + 0 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 
P
r
o
v
i
s
i
o
n
i
n
g
 
Food, fodder, fiber 
and biofuel 
intensive 
production 
                                             
Timber 
production                                             
Firewood 
production                                             
Diverse products                                              
R
e
g
u
l
a
t
i
n
g
 
Soil fertility                                              
Plant pests                                              
Resistance to 
plant invasion                                              
Response of the 
ecosystem to 
extreme events 
                                              
Water availability                                               
Climate 
regulation and air 
quality 
                                             
C
u
l
t
u
r
a
l
 
Scenic beauty                                                
Source of 
inspiration                                               
Recreation and 
tourism                                               
Traditional use                                               
 692 
Symbols and numbers: presentation as in Table 1.693 
Table 5. Expert assessment on the relative importance of plant diversity with respect to that of abiotic resources and conditions for the generation of 694 
ecosystem services. Presentation of cells as Table 1; p<0.00014 (). 695 
T
y
p
e 
Services 
Plant 
diversity 
Resources Conditions 
Water 
availability 
Energy 
availability 
Nutrients 
availability Soil type 
Position 
within the 
landscape 
Disturbance 
intensity 
1 2 3 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 1 2 3 ? 
P
r
o
v
i
s
i
o
n
i
n
g
 Food, fodder, fiber and biofuel intensive 
production 
                            
Timber production                             
Firewood production                             
Diverse products                             
R
e
g
u
l
a
t
i
n
g
 
Soil fertility                             
Plant pests                             
Resistance to plant invasion                             
Response of the ecosystem to extreme events                             
Water availability                             
Climate regulation and air quality                             
C
u
l
t
u
r
a
l
 Scenic beauty                             
Source of inspiration                             
Recreation and tourism                             
Traditional use                             
 696 
Symbols and numbers: presentation as in Table 1.697 
 698 
Figure 1. Framework for the design of the survey on plant diversity and the generation of ecosystem services.  699 
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Figure 2. Total frequency of expert assessment on direction of effect of levels of 
organization and components of plant diversity on the generation of ecosystem services. In 
(a) the total frequencies of answers for each type of effect were obtained by adding up both 
all levels of organization and all services; in (b) the total frequencies of answers were 
obtained by adding up both all components and all services. Arrows indicate that 
frequencies were significantly higher () or lower () than expected from a null model of 
equal frequencies of all answers. 
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Appendix S1. Glossary of terms used in this survey. 
The ecosystem services 
Food, fodder, fiber and biofuel intensive production: products from plants within human 
dominated systems (agricultural, pastoral and agro-pastoral systems). 
Timber production: solid and fibrous parts of trunks in trees with a diameter at breast height ≥ 30 
cm, which are used as construction material or for the manufacturing industry. 
Firewood production: wild plant materials used as fuel. 
Diverse products: wild plants or their parts extracted from natural to semi-natural ecosystems with 
present uses as non-timber forest products or future potential uses. 
Regulation of soil fertility: regulation of the amount and availability of nutrients (NPK) for the 
establishment and growth of plants. 
Regulation of plant pests: regulation of the populations of herbivores, fungal and microbial 
pathogens that attack plants in agricultural, pastoral or forestry systems. 
Resistance to plant invasion: inhibition of the establishment, growth, survival, and reproduction of 
invasive species, defined as plants that are established beyond their distribution range. 
Regulation of response of the ecosystem to extreme events: regulation of the impacts of an 
extreme event (e.g. intense rains, strong winds, drought, extremely high or low temperatures, fires 
and tropical cyclones) on the ecosystem and of its consequences on human settlements within the 
ecosystem. 
Regulation of water availability: regulation of amount, quality and temporal variability of 
freshwater considering the complex interactions between climate, water cycle components, 
vegetation and soil characteristics that occur at multiple spatial and temporal scales. 
Regulation of climate and air quality: the influence of functional composition of vegetation and 
size and spatial arrangement of landscape units over large areas, modify albedo, heat absorption, 
movement of air masses of different temperature and moisture at the local, regional, and global 
scales. 
Scenic beauty: important source of aesthetic pleasure. 
Source of inspiration: source of inspiration for artistic, cultural and spirituals expressions. 
Recreation and tourism: place where people can rest, relax, refresh and enjoy. 
Recreation and tourism: is the incorporation of places or products following in traditional rituals 
and customs that bond human communities. 
 
The levels of organization of plant diversity 
Genetic diversity within species: variation between individuals of the same population in their 
genetic (and phenotypic) characteristics. 
Species diversity within a community: variation of the characteristics of the species that coexist in a 
same community included the variation between ecotypes and varieties of crops. 
Diversity of communities within in the landscape: variation in characteristics of the communities 
(or associations of species) that are found within a same landscape unit. 
 
The components of plant diversity 
Number of species: amount of species within a plant community. 
Evenness species: similarity in the relative contribution of the species of a community to the 
relative abundance, relative biomass, or relative cover within a plant community. 
Species composition: specific combination of the species or presence/absence of particular species 
within a plant community. 
Functional diversity: expressed as range of variation for different functional traits between groups 
of species and therefore different effects on the functioning of the ecosystem. 
Spatial turnover: changes in the composition of species along space within a plant community. 
Structural diversity: variation in plant height, architecture, strata (stratum) quantity, location and 
position of plants or their parts within a plant community. 
 
The resources and conditions 
Water availability: total amount of available water for plants for a given area as rain, snow, hail, 
fog or dew within a given period time. 
Energy availability: total amount of energy used for plants in metabolic activities associated with 
photosynthesis. 
Nutrient availability: amount and availability of inorganic nutrients (NPK), necessary for plant 
growth. 
Soil type: physical and structural characteristics of soil that determine its capacity to support plant 
development. 
Position within the landscape: localization occupied by vegetation unit in the relief (e.g. ridge, 
slope, piedmont). 
Disturbance intensity: intensity (measurement of impact), frequency (number of times it happens 
for a given time), magnitude (affected area) and duration (time of permanence) of the disturbance. 
 
Appendix S2. Phases of building the survey assessment. 
A first version of the survey considered 15 ecosystem services, five levels of 
organization and six components of plant diversity, and six resources/conditions. This first 
version was applied to 15 graduate students. As a result of this pilot we reduced the amount 
of services to reduce fatigue effects during interviews, and deleted aspects that were not 
relevant at the landscape scale (e.g. biome level of organization). A second version of the 
survey considered 11 services, five levels of organization and six components of plant 
diversity, and six resources/conditions.  
The second version was applied to 10 researchers at the National University of 
Mexico. Their suggestions to improve the final version of the survey included further 
explaining the concepts used in each of the steps of the survey, providing more detailed 
instructions for completing the tables, and including only resources and conditions with 
potential importance for generation of services at the landscape scale (e.g. 
evapotranspiration and temperature are probably not so relevant at the landscape scale). 
Appendix S3. Background experts that answered the survey on 
the relationship between plant diversity and ecosystem services. 
 
Table S1. Categories of background experts. With the exception of years of working with 
plant diversity or ecosystem processes/services, experts could indicate more than one area of 
study, type of work and organization, and focus ecosystem in which they work.  
Background category Background subcategory 
Percentage of 
expert who belong 
to the subcategory 
Subject to expertise Plant diversity 21% 
Population ecology 4% 
Community ecology 49% 
Ecosystem ecology 33% 
Management 23% 
Landscape 8% 
Others 15% 
Type of work Basic research 46% 
Applied research 50% 
Decision maker 4% 
Type of organization Institute 93% 
Environmental NGOs 3% 
Governmental agencies 5% 
Other 1% 
Years working with plant 
diversity or ecosystem 
processes/services 
1-10 33% 
11-20 34% 
21-30 23% 
>31 11% 
Focus ecosystem Tropical rain forest 30% 
Temperate forest 20% 
Tropical dry forest 15% 
Grassland 15% 
Agroecosystem 15% 
Desert 14% 
Savanna 8% 
Shrubland 5% 
Coastal 4% 
Wetland 4% 
Succesional forest 4% 
Cloud forest 3% 
Alpine 1% 
Others 5% 
 
Appendix S4. Direction of effect and relative importance of levels of organization, components of plant 
diversity, abiotic resources and conditions. 
We registered the frequencies of the different types of responses and then addressed the following question:  
How do type of service, type of plant diversity attribute, type of abiotic resources and conditions and interactions among these factors explain 
differences in how frequently experts chose different types of effects and what relative importance they assigned to plant diversity for the generation of 
services?  
We evaluated the significant differences in the frequencies for direction of effects and relative importance of plant diversity, and abiotic 
resources and conditions on the generation of services with generalized linear models. Significant effects of type of services (e.g. services × direction 
of effect), of type of plant diversity attribute (e.g. level or organization × direction of effect), of the type of resources and conditions (e.g. 
resources/conditions × relative importance) and interactions among these factors (e.g. services × level of organization × direction of effect), on the 
frequencies of the different types of effect or relative importance were identified. All generalized linear models assumed a Poisson distribution and a 
log link function within S-Plus (Crawley, 2002). 
The results showed significant differences in expert assessments were consistently found in the generalized linear model for direction of effect 
and relative importance of plant diversity, as well as abiotic factors on the generation of services (Table S2). Experts recognized that the direction of 
effect and relative importance of plant diversity on the generation of services varied among services, between levels of organization and components, 
and among combinations of particular services and particular plant diversity attributes. Similarly, variation in the frequencies of the relative importance 
of different abiotic resources and conditions were found among services, among resources/conditions and among combinations of resources/conditions 
and services. 
 Table S2. Results of generalized linear models of levels of organization and components of plant diversity as well as abiotic resources and conditions 
on the generation of ecosystem services. 
Exploratory term Deviance Df p 
% 
Deviance 
Levels of 
organization 
of plant 
diversity 
Service × Direction of effect 656.6 52 <0.0001 15.3 
Levels of organization × Direction of effect 565.8 8 <0.0001 13.2 
Service × Levels of organization × Direction of effect 235.7 103 <0.0001 5.5 
Service × Relative importance 117.8 39 <0.0001 3.7 
Levels of organization × Relative importance 905.2 6 <0.0001 28.4 
Service × Levels of organization × Relative importance 568.2 76 <0.0001 17.8 
Components 
of plant 
diversity 
Service × Direction of effect 922.0 52 <0.0001 16 
Component × Direction of effect 455.4 20 <0.0001 7.9 
Service × Component × Direction of effect 376.5 260 <0.0001 6.5 
Service × Relative importance 255 39 <0.0001 8.5 
Component × Relative importance 470.9 15 <0.0001 15.6 
Service × Component × Relative importance 424 195 <0.0001 14.1 
Resources and 
conditions 
Service × Relative importance 409.4 39 <0.0001 8.3 
Resources/conditions × Relative importance 231.1 18 <0.0001 4.7 
Service × Resources/conditions × Relative importance 29.1 234 <0.0001 26.1 
Explanation: Df: degrees of freedom, eg. Service × Effect = (n-1) × (n-1) = (14-1) × (5-1) =52; p value is based on the 
deviance (Chi-square test) 
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Appendix S5. Biases associated with background experts that were found on the frequencies for direction 
of effects and relative importance of plant diversity on service generation. 
 
Table S3. Biases given by expert´s background. The columns identify the background of experts while rows identify the different sections of the 
questionnaire. The degree of significance of a 2 test to explore for independence of answers with respect to expert characteristics (e.g. five types of 
relations vs. type of ecosystem).In bold the responses that were significantly more frequent than those expected by null model indicating both the 
category of expert and the response they prefer; in italic the responses that were significantly less frequent. 
Exploratory term in the survey Background category 
Direction of effect of levels of 
organization of plant diversity 
2 = 54.6, P<0.05, df= 12; environmental NGOs (0) 
2 = 44.8, P<0.05, df= 12; < 10 years expertise (1) 
2 = 205.5, P<0.05, df= 52; agroecosystem (?); wetland (-) 
Relative importance of levels of 
organization of plant diversity 
2 = 44.8, P<0.05, df= 12; 21 to 30 years expertise (2) 
2 = 104.5, P<0.05, df= 39; agroecosystem (?); successional forest (2) 
Direction of effect of components of plant 
diversity 
2 = 346.9, P<0.05, df= 24; plant diversity (+), (1), (?); population ecology (?); community 
ecology (0), (+); management (–), (1), (?) 
2 = 203.3, P<0.05, df= 12; institute (0); environmental NGOs (0), (–); governmental (0), (?) 
2 = 87.8, P<0.05, df= 12; <10 years expertise (0); 11 to 20 years expertise (0); 21 to 30 years 
expertise (1); > 31 years expertise (1) 
2 = 516.6, P<0.05, df= 52; temperate forest (?); tropical dry forest (?); agroecosystem (+), (?); 
desert (?); savanna (?); coastal vegetation (0), (+), (?); wetland (-); successional forest (0), (?); 
cloud forest (?) 
Relative importance of components of 
plant diversity 
2 = 120.3, P<0.05, df= 18; population ecology (?) 
2 = 103.8, P<0.05, df= 39; agroecosystem (?) 
Relative importance of plant diversity with 
respect to that of resources and conditions 
2 = 72.2, P<0.05, df= 39; agroecosystem (?) 
Symbols and numbers: Effects: (–) the more diversity the less service; (1) there is a diversity effect on the service, but it is not possible to determine 
its direction or the direction is unknown; (+) the more diversity the more service; (0) no influence of diversity on the generation of the services; (?) 
unknown whether there is an influence of plant diversity for the generation of services. Relative importance: (1) little importance; (2) intermediate 
importance; (3) very important; (?) unknown importance. 
Appendix S6. Publications found in a search of the ISI Web of Knowledge about relationship between 
plant diversity and ecosystem services 
 
Table S4.1. Publications found in a search of ISI Web of Science and Biological Abstracts for October 2010 for each component of the survey. A 
search of the ISI Web of Knowledge (http://www.isiknowledge.com) for papers using the specific search terms (in italic) for each component of the 
survey as a topic yielded a total number of publications (number in this column) in the last 20 years. These articles are not exhaustive of what has been 
published but they do allow us to assess the relative amount of research on the different topics. We excluded all articles which did not study ecosystem 
services. The relevant publications considered only studies which solely provide conceptual work or qualitative assessment about relationship, or any 
case study in a specified area. Some articles appeared in several categories. 
Component survey Search terms 
Total number 
of 
publications 
Number of 
publications 
relevant to this 
survey 
Levels of 
organization 
of plant 
diversity 
Genetic genetic diversity and plant and ecosystem services and landscape 3 2 
Species species diversity and plant and ecosystem services and landscape 44 6 
Community community diversity and plant and ecosystem services and landscape 28 2 
Components 
of plant 
diversity 
Number of species species number or species richness and plant and ecosystem services and landscape 32 1 
Evenness between 
species 
evenness or dominance index or Simpson index and plant and 
ecosystem services and landscape 2 1 
Composition composition and plant and ecosystem services and landscape 22 2 
Range of functional traits 
functional traits or functional diversity or functional types or 
functional group and plant and ecosystem services and 
landscape 
16 4 
Spatial turnover spatial turnover or beta diversity and plant and ecosystem services and landscape 3 1 
Structural diversity structural diversity and plant and ecosystem services and landscape 6 1 
Resources 
and 
conditions 
Water availability water and diversity and plant and ecosystem services and landscape 7 1 
Energy availability energy and diversity and plant and ecosystem services and landscape 6 0 
Nutrient availability nutrient and diversity and plant and ecosystem services and landscape 2 0 
Soil type soil type and diversity and plant and ecosystem services and landscape 1 0 
Position in the landscape relief position or ridge or slope or piedmont and diversity and plant and ecosystem services and landscape 0 0 
Disturbance intensity disturbance and diversity and plant and ecosystem services and landscape 14 2 
Ecosystem 
services 
Food/fodder/fiber/biofuel 
intensive production 
diversity and plant and food or fodder or fiber or biofuel and 
landscape 110 3 
Timber production diversity and plant and timber and landscape 33 1 
Firewood production diversity and plant and fuel and landscape 13 0 
Diverse products diversity and plant and non-timber forest products and landscape 0 0 
Soil fertility diversity and plant and soil fertility and landscape 38 1 
Plant pests diversity and plant and herbivores or fungal or microbial pathogen or pest and landscape 144 10 
Resistance to plant 
invasion diversity and plant and invasive species and landscape 101 15 
Response of the 
ecosystem to extreme 
events 
diversity and plant and extreme events or hurricane or flood 
or fire or avalanche or natural hazard or tropical cyclone 
and landscape 
196 5 
 
 
 
 
 
 
 
 
 
Table S4.2. Publications found in a search of ISI Web of Science and Biological Abstracts for October 2010 for plant diversity and resources and 
conditions for each ecosystem services. Details as Table S3.1. 
 
Water availability diversity and plant and water amount or water quality or water temporality and landscape 51 3 
Climate regulation and 
air quality 
diversity and plant and climate regulation or air quality and 
landscape 7 0 
Scenic beauty diversity and plant and scenic beauty and landscape 4 2 
Source of inspiration diversity and plant and inspiration and landscape 0 0 
Recreation and tourism diversity and plant and recreation or tourism and landscape 29 3 
Traditional use diversity and plant and traditional use or ritual or customs and landscape 48 3 
Type Ecosystem services Search terms 
Total number 
of 
publications 
Number of 
publications 
relevant to 
this survey 
P
r
o
v
i
s
i
o
n
i
n
g
 
Food/fodder/fiber
/biofuel intensive 
production 
diversity and plant and food or fodder or fiber or biofuel and landscape and 
water or energy or nutrient or soil type or relief position or ridge or slope or 
piedmont or disturbance  
36 0 
Timber 
production 
diversity and plant and timber and landscape and water or energy or nutrient 
or soil type or relief position or ridge or slope or piedmont or disturbance 15 0 
Firewood 
production 
diversity and plant and fuel and landscape and water or energy or nutrient or 
soil type or relief position or ridge or slope or piedmont or disturbance 3 0 
Diverse products diversity and plant and non-timber forest products and landscape and water or energy or nutrient or soil type or relief position or ridge or slope or piedmont 0 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
or disturbance 
R
e
g
u
l
a
t
i
n
g
 
Soil fertility 
diversity and plant and soil fertility and landscape and water or energy or 
nutrient or soil type or relief position or ridge or slope or piedmont or 
disturbance 
30 1 
Plant pests 
diversity and plant and herbivores or fungal or microbial pathogen or pest and 
landscape and water or energy or nutrient or soil type or relief position or 
ridge or slope or piedmont or disturbance 
48 1 
Resistance to 
plant invasion 
diversity and plant and invasive species and landscape and water or energy or 
nutrient or soil type or relief position or ridge or slope or piedmont or 
disturbance 
47 5 
Response of the 
ecosystem to 
extreme events 
diversity and plant and extreme events or hurricane or flood or fire or 
avalanche or natural hazard or tropical cyclone and landscape and water or 
energy or nutrient or soil type or relief position or ridge or slope or piedmont 
or disturbance 
119 3 
Water 
availability 
diversity and plant and water amount or water quality or water temporality 
and landscape and water or energy or nutrient or soil type or relief position or 
ridge or slope or piedmont or disturbance 
52 4 
Climate 
regulation and air 
quality 
diversity and plant and climate regulation or air quality and landscape and 
water or energy or nutrient or soil type or relief position or ridge or slope or 
piedmont or disturbance 
5 1 
C
u
l
t
u
r
a
l
 
Scenic beauty 
diversity and plant and scenic beauty and landscape and water or energy or 
nutrient or soil type or relief position or ridge or slope or piedmont or 
disturbance 
1 0 
Source of 
inspiration 
diversity and plant and inspiration and landscape and water or energy or 
nutrient or soil type or relief position or ridge or slope or piedmont or 
disturbance
0 0 
Recreation and 
tourism 
diversity and plant and recreation or tourism and landscape and water or 
energy or nutrient or soil type or relief position or ridge or slope or piedmont 
or disturbance 
12 1 
Traditional use 
diversity and plant and traditional use or ritual or customs and landscape and 
water or energy or nutrient or soil type or relief position or ridge or slope or 
piedmont or disturbance 
22 5 
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